Objectives-Shear wave elastography (SWE) was performed to evaluate the Young's modulus of carotid plaques in patients presenting with cerebrovascular incidents, to estimate the clinical value and feasibility of this approach.
A therosclerosis is a risk factor for ischemic stroke. Studies have demonstrated that the presence of carotid atherosclerotic plaques is a strong predictor of cerebrovascular events. [1] [2] [3] Duplex ultrasonography is the most frequently used examination for the assessment of carotid atherosclerosis in China. In addition to allowing evaluations of luminal narrowing and hemodynamics, novel ultrasound techniques can also describe the composition of plaques, which is associated with the vulnerability. 4, 5 Thus, the assessment of the rigidity, represented as the composition of plaque, can serve as an index in the evaluation of the vulnerability of plaque. Young's modulus, as a basic physical unit, can be used to quantify the rigidity of plaque. Shear wave elastography (SWE) imaging, a novel method for measuring the Young's modulus, is a complement to the conventional duplex ultrasonic examinations of atheromatous plaques. 6 The use of SWE to quantify elasticity was proposed by Sarvazyan et al 7 as a noninvasive imaging technique, and is widely used in the diagnosis of various malignancies, including those in the thyroid, breast, liver, prostate, and cervical lymph nodes. 7, 8 However, few of these studies have focused on the quantification of Young's modulus using SWE to evaluate the stability of carotid atherosclerotic plaque. 6, [9] [10] [11] The aim of this study was to evaluate the feasibility and clinical value of the SWE technique for the assessment of carotid plaque rigidity and vulnerability.
Materials and Methods

Study Cohort
A retrospective investigation was conducted in the Department of Neurology and Cardiovascular Ultrasound of the First Affiliated Hospital of China Medical University located in Shenyang, the capital city of Liaoning Province, from January to November 2015. A total of 61 subjects (45 men, 16 women) with carotid plaques were recruited randomly and underwent carotid ultrasonography. Patients were excluded if they showed disabilities caused by stroke, bilateral focal neurological symptoms, atrial fibrillation, vascular lesions, recent myocardial infarction, or severe congestive heart failure that could be the cardioembolic cause of cerebrovascular stroke. Subjects with moderate-to-severe stenosis of the intracranial artery verified by transcranial Doppler, or moderate-to-severe stenosis before the initial part of the carotid, were also excluded to ensure that the culprit plaques originated from the external cranial carotid artery. Patients with radiation injury-associated stenosis, restenosis after endarterectomy, Takayasu arteritis, carotid artery dissection, or total carotid occlusion were not accepted. The study received approval from the Committee on Human Experimentation of China Medical University. The procedure was in accordance with ethical standards, and all patients provided written informed consent.
The patients were separated into two groups depending on whether they showed unilateral focal neurological symptoms within 6 months (symptomatic group) or were asymptomatic (asymptomatic group).
The clinical events were confirmed by an experienced internist though focused history taking on symptoms and MR-combined diffusion-weighted imaging of the brain.
Equipment and Methods
All 61 patients who consented to our investigation underwent a clinical carotid ultrasound exam in conjunction with SWE. The ultrasound indexes were obtained by the same trained physician (L.Z.) using an Aixplorer scanner with a L10-2 MHz linear array probe (Supersonic Imagine, Aixen Provence, France) according to the consensus statement from the American Society of Echocardiography Carotid Intima-Media Thickness Task Force (12) .
Carotid Intima-Media Thickness
The intima-media thickness (IMT) is a double-line pattern consisting of two parallel lines representative of the lumen-intima and media-adventia interfaces that were well visualized by echography. 13 In a longitudinal view, the IMT was measured on the far wall of the common carotid artery within 10 mm proximal to the initiation of the bifurcation in a plaque-free region using the semiautomated software AutoIMT. If the region was occupied by a plaque, the measurement was performed in the next 10 mm, and so on. The reproducibility of the ultrasonographic procedure has already been reported. 14 
Carotid Plaque Thickness and Position
Carotid plaque was defined as IMT greater than 1.5 mm, with the presence of a focal structure that encroaches into the arterial lumen by at least 0.5 mm or over 50% of the surrounding IMT, or showing local thickening greater than or equal to 0.5 mm. 12 After determining the thickness of the plaques in the horizontal view, the position of the plaques was also recorded with respect to two aspects: the vessel containing the plaque, and the orientation of the plaques (ie, the anterior wall, lateral wall, posterior wall, medialis wall).
Carotid Stenosis Severity
Previous studies by the European Surgical Carotid Trial or North American Symptomatic Carotid Endarterectomy Trial have used different criteria for evaluation of carotid stenosis 15 ; we chose the North American Symptomatic Carotid Endarterectomy Trial plan in our test and assessed the residual diameter (RD) to evaluate the degree of stenosis. In the horizontal view of the carotid, the RD can be obtained by first performing color Doppler flow imaging that best depicts the plaque with the residual arterial lumen, removing the color, and then determining the distance between the two boundaries of plaque and lumen on the high-resolution B-mode status. The sonographer should always sweep the probe to find the smallest RD to reflect the stenosis of the artery.
Plaque Surface Morphology
The characteristics of plaque surface were graded into two ranks: (1) regular was defined as a smooth and regular contour; and (2) irregular was defined as continuous and distinct height variations along the contour greater than 0.2 mm.
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Plaque Gray-Weale Classification Plaque echogenicity has been described as hypoechoic, echolucent, isoechoic, and hyperechoic in our study. For stability, we defined blood with a hypoechoic-echolucent pattern, the sternomastoid muscle with an isoechoic pattern, and bone with a hyperechoic pattern. 17 To characterize the whole plaque echogenicity, modified GrayWeale classification was performed, which divided plaques into five parts based on the echodensity in the Bmode image. 18 Type I represented homogeneous echolucent plaques, with a thin echogenicity fibrous cap. Type II included plaques with predominantly echolucency, in which echogenicity covered less than 50% of the area. Type III contained predominantly echogenic plaques with less than 50% echolucent areas. Type IV was characterized by uniformly echogenic plaques. Type V, added by Geroulakos et al, was used for heavily calcified plaques with huge acoustic shadows that could not be graded. 19 Total Plaque Risk Score A total plaque risk score (TPRS), encompassing four ultrasonic parameters, is given in Table 1 . The homogeneous plaque included plaques with predominantly medium echo and hyperechogenicity, which covered more than 50% of the area. However, the heterogeneous plaque included plaques with predominantly echolucency and hypoechogenicity in which medium echo and hyperechogenicity covered less than 50% of the area. [20] [21] [22] The TPRS value ranged from 1 to 6 and reflected a feasible approach to characterize the stroke risk prediction of a carotid plaque in an individual 23, 24 ( Figure 1 ). Individuals with atherosclerosis may have more than one carotid plaque. Although among the lesions, the most high-risk plaques could be the best predictors of stroke. Therefore, we calculated the TPRS for every volunteer's plaque and then identified the highest score plaque as the patient's representative plaque. If the patients had more than one plaque with the same highest TPRS, we chose the plaque with the highest stenosis rate (SR) as the representative plaque, whereas for the symptomatic patients, we only took into account the plaque with the highest TPRS from the contralateral of the symptomatic side.
Carotid Plaque Young's Modulus
The evaluation of plaque elastic properties was performed using ultrasonic-focused beams that can engender mechanical vibration with low-frequency shear waves quantified by the Aixplorer scanner. Based on the formula Young's modulus 5 3 qc 2 , in which Young's modulus indicates tissue elasticity, q represents the density of the medium, and c is shear-wave velocity, the Aixplorer scanner can be used to measure the Young's modulus of tissues. 6 The process of obtaining Young's modulus values of plaque using the Aixplorer scanner was easy to achieve. The MSK/shoulder preset was chosen as the basic Bmode status, which ensured that subsequent SWE measurements range from 0 to 800 kPa. Then, with the carotid plaque in a longitudinal view, the SWE procedure was started. The scanner settings for SWE were standardized to optimize the image quality based on previous experience as follows: color range (0-180 kPa); acoustic power (0.0); smoothing 5 ; persistence (low); gain (70-90%); SWE option (penetration). The SWE region of interest (ROI) box was adjusted to cover the whole plaque with the carotid wall and soft tissue nearby, approximately two to three times of the plaque. For some plaques that were quite long, we adjusted the ROI two to three times of the thickness of the plaque, and then evaluated the whole plaque over several sections. We chose the SWE color map one. Blue and red areas in the elastogram represented low Young's modulus (soft) and high Young's modulus (stiff), respectively ( Figure 2) . A 10-s cine loop of SWE imaging was restored over approximately 10 frames; to stabilize the SWE acquisition and alleviate interframe variability, the first two SWE frames were abandoned because of the sonographer hand movement, and the remaining five frames were chosen randomly to evaluate the Young's modulus of the plaque. To optimize acquisitions and technical success, the following tips should be followed: First, the depth should be maintained between 3 and 4 cm. Second, the focus position should always be beneath the plaque, and the time gain compensation button should be in the middle position, forming a line approximately vertical to the artery wall in the vicedisplayer of the Aixplorer scanner. The most important step is to avoid the jugular vein when evaluating the Young's modulus of carotid plaque.
The built-in analysis software (Q-Box-Trace) in the Aixplorer scanner was used to quantify the max, mean, and min Young's modulus values while tracing the plaque manually. The whole plaque was covered by the red-blue color mentioned previously, and the residual lumen was black, as the blood may not be easily affected by the mechanical vibration generated from focused beams. If the red-blue color did not occupy the entire plaque, we traced the outline of the SWE color map within the plaque in the SWE image, and if the color region overflowed the region of the plaque, we traced the boundary of the plaque in B-mode.
Measurements of carotid plaque Young's modulus were performed by two sonographers. The first operator (Operator 1) had more than 5 years of experience in cardiovascular ultrasound and more than a year of experience in SWE investigations. The second doctor (Operator 2) was a beginner who received 5 months of training in cardiovascular ultrasound, and 1 week for SWE. Only data from the experienced sonographer (Operator 1) were used for the final analysis.
Statistical Analysis
All of the data acquired were analyzed by the SPSS version 13.0 (SPSS Inc, Chicago, IL) statistical program and MedCalc version 11.4.2.0 (Ostend, Belgium) for Windows. Differences in demographics and risk factors associated with carotid plaque were examined by t-test, Mann-Whitney U test, and Fisher's exact test. Partial correlation coefficient was performed to test any relationships between traditional ultrasound indexes and the novel SWE parameters used in our study. All statistical tests were two-sided (a 5 0.05). Logistic regression combined with receiver operator characteristic (ROC) curves with the area under the curves (AUC) were generated to reveal the sensitivity and specificity to detect the symptomatic plaques. The repeatability was assessed by the Bland-Altman test and mean values of interframe coefficient of variation (CV).
Results
In our study, among the 61 subjects, 31 were in the symptomatic group, 16 experienced nondisabling stroke, and 15 had a transient ischemic attack. Sixty-one patients with 295 plaques were examined. Successful SWE analysis was carried out on 271 of 295 (92%) plaques. Twenty-four plaques could not be analyzed using SWE; 15 of them, type V, showed severe calcification with a large acoustic shadow. The position of four of the plaques was close to the carotid artery origin, so the depth and angle were not suitable for SWE imaging. Five of them were present in obese subjects or those with severe hypertension, and owing to the attenuation or movement, the B-mode images of the plaques were not legible. There were 61 representative plaques from the 61 patients, as mentioned previously. Table 2 summarizes the patient demographics. Patients were grouped into asymptomatic group and symptomatic group. The history of smoking and gender were significantly different between the two groups, whereas intergroup differences in other risk factors, including age, body mass index, diabetes mellitus, hypertension, family history and hypercholesterolemia, were not significant. In partial correlation coefficient analysis, gender and smoking history were considered confounding factors and were controlled.
Patient Demographics
Plaque Characteristics
All of the ultrasound indexes between the two groups are given in Tables 3 and 4 . There were significant correlations between Gray-Weale plaque classification and mean Young's modulus (r 5 0.728, P < .05) (Figure 3) The ROC curve analysis was performed to evaluate the diagnosis efficacy ( Figure 5 ). Logistic regression combined with ROC analysis was performed to recompute the AUC, the cut-off point of ROC were not Young's modulus or other indexes, it was a probability. The probability was used to describe the possibility of one plaque being a symptomatic plaque. The mean Young's modulus was a better marker than Gray-Weale classification (0.87 versus 0.76) for differentiating symptomatic plaques. Finally, logistic regression combined with ROC analysis revealed an increase in sensitivity and specificity when the mean Young's modulus value was combined with the SR (AUC 5 0.933). Combining Gray-Weale classification with the mean Young's modulus did not improve the diagnostic performance (AUC 5 0.87), whereas combining Gray-Weale classification with SR did (AUC 5 0.90).
Reproducibility Table 6 provides a summary of mean Young's modulus in different types of Gray-Weale plaque classifications among 271 plaques, and the interframe CV of five SWE measurements by Operator 1. The reproducibility of mean Young's modulus was evaluated using the mean interframe CV, which was 16% within the 271 plaques.
A Bland-Altman test was performed to assess the measurement of 61 representative plaques between two sonographers ( Figure 6 ).
Discussion
This study demonstrated the feasibility and potential clinical value of SWE imaging for the assessment of carotid plaques' Young's modulus. First, the SWE technique could assess tissue elasticity in a wide range of carotid plaque stenosis and size. In our study, SWE imaging of carotid plaques of volunteers was successfully achieved in 271 of 295 (92%) plaques. The plaques' severe calcification could not be evaluated by SWE; because of the shear wave, it was hard to penetrate the calcification region. The plaques near the origin of the common carotid artery or located in the posterior and medialis wall of the internal carotid artery from the obesity patients could not be assessed using SWE because of the excessive attenuation and the deficiency of resolution. The severe pulsation of the carotid could be another effect of SWE imaging. Although the Young's modulus assessments obtained by SWE were affected by the pulsating and breathing motion of the tissues, a holding breath and the high frame rate of the Aixplorer scanner can partially address this shortcoming. The CV of mean Young's modulus values represented by the different frame was 16% for 271 carotid plaques. In recent studies, the CV in an in vivo investigation was 22%, and the in vitro phantom study produced CV values ranging from 8 to 20% by Ramnarine et al. 9, 10 The CV revealed that rather than one frame, the stable Young's modulus value of plaque should be the average of measurements from several frames. Thus, the SWE technique can be used to reveal the mean Young's modulus of carotid plaques stably.
Second, SWE can allow quantification of plaque elasticity via Young's modulus. A previous study showed that the elasticity of collagenous fiber was higher than that of lipids, and the calcified part had the highest elasticity among the plaque components. 25 As we cannot identify the differences in plaque compositions accurately through ultrasound, we used the mean Young's modulus value of the whole plaque to reflect the elasticity of the plaques. The mean Young's modulus of representative plaques in symptomatic group was significantly lower than that in asymptomatic group (81.13 6 20.12 versus 115.78 6 26.66) (Figure 4) . The values were comparable to the findings obtained in studies of Ramnarine et al, 10 in which the mean Young's modulus values of symptomatic carotid plaque and asymptomatic carotid plaque were 62 and 88 kPa, respectively, which was lower than the value obtained in our study. The authors of that study selected more than two circular regions of interest (ROIs) with 2-mm radius each, to sample the mean Young's modulus over the plaque randomly. Although the SWE image was accompanied with the B-mode ultrasound view, the ROIs of plaques that showed the features of vulnerability in the B-mode view probably received more focus. For instance, to reflect the characteristics of type II plaques with a little calcification, the probability of the ROI being from the hypoechogenic or the echolucent regions might be higher than that from the calcified area. Although these methods can avoid the effects of the presence of a number of different components on the mean Young's modulus, it also introduces the problem of bias. We used the trace tool built into the Aixplorer scanner to evaluate the whole-plaque mean Young's modulus; thus, we might be able to obtain a higher mean Young's modulus value for the plaques.
Chai et al 26 directly measured the Young's modulus of carotid plaques obtained from endarterectomy via an indentation test. The Young's modulus of fibrous tissue showed a large range from 6 to 891 kPa (median, 30 kPa): Lipids varied from 9 to 143 kPa (median, 16 kPa); dense, structured collagen had a median Young's modulus of 40 kPa; and loose, unstructured collagen had a median Young's modulus of 80 kPa. We noticed that they had chosen plaques with less calcification for the research, thereby reducing the Young's modulus of the whole plaque.
A correlation was found between the mean Young's modulus and Gray-Weale classification of echogenicity in the 61 representative plaques when the confounding factors (gender and smoking history) were controlled. In the previous research, the Gray-Weale classification of echogenicity and SR were used validly to evaluate the vulnerability of plaques. Gray-Weale classification can be performed to evaluate the echogenicity of plaque semiquantitatively. 18, 19 The SR of the carotid is widely related with cardiovascular disease. 27 In reality, the vulnerability of carotid plaques was largely dependent on the plaque morphology and its composition. 28 In two large atherosclerotic carotid plaque biobanks in the United Kingdom (Oxford Plaque Study) and the Netherlands (Athero-Express), Howard et al 1 investigated the histological characteristics of 1640 carotid plaques with a validated risk model for the prediction of stroke risk, and revealed that features of vulnerability, including plaque thrombus, macrophage infiltration and low fibrous content, were correlated with the prediction of stroke risk. 1 Over the decades, plenty of studies have supported the idea that the composition of plaques was correlated with the vulnerability of plaques and the cerebrovascular events. [29] [30] [31] The term "vulnerability" has been used to describe the tendency of the plaque to rupture, which will result in thrombosis and/or embolism and cause stroke. Current investigators are enthusiastically searching for noninvasive imaging and biochemical parameters that can accurately identify the vulnerable plaque for the prevention of stroke. 30 Recent medical imaging techniques have focused on the three main aspects of plaque composition, namely, dense fibrous tissue, calcifications, and lipid-rich necrotic cores, which constitute most of the plaques and can be identified by modern techniques. However, some techniques can evaluate only one of these aspects. 32, 33 In contrast, the novel SWE imaging technique can focus on the stiffness of the plaque quantitatively via Young's modulus, to evaluate the components of the whole plaque, thereby indicating the vulnerability of the plaque. The lower mean Young's modulus indicates a greater proportion of lipid cores, which could imply greater vulnerability than plaques with a higher fibrous content. 5 Third, the identification of symptomatic carotid plaque improved when Young's modulus assessments obtained with SWE were combined with common ultrasound parameters. Among the ultrasound indexes, after the exclusion of collinearity, four parameters entered the logistic regression equation: mean Young's modulus, RD, plaque thickness, and irregularity. The mean Young's modulus and RD were protective factors of focal neurological symptoms (OR < 1), whereas irregularity and PT showed negative correlations with the symptoms (OR > 1), which indicates that patients with irregular and high TPRS plaques might have 28.21 times higher risk of focal neurological symptoms than those with regular plaques with high TPRS. The stability of regression equation was affected by the insufficient sample size. The characteristic stiffness obtained via SWE is not crucial to determining the vulnerability of plaque, but is an indirect reflection of the major component of plaques. Alternatively, MRI does offer the advantage of distinguishing between different soft tissue types with good sensitivity and specificity, 34 but the costeffectiveness may be too low, as in a prophylactic exam.
The assessment of clinical potential for the ultrasound parameters used in our study suggests that the SR was the strongest individual marker for predicting symptomatic patients (AUC 5 0.88). The mean Young's modulus obtained using SWE was a better marker than Gray-Weale classification (0.87 versus 0.76). However, combining Gray-Weale classification with mean Young's modulus did not improve the diagnostic performance (AUC 5 0.87). Combining Gray-Weale classification with SR improved the diagnostic performance (AUC 5 0.90); combining the mean Young's modulus with SR improved the diagnostic performance significantly (AUC 5 0.93). Moreover, from the box plots (Figure 4 ), it appears that the SR did not have much of an effect on the separation in mean Young's modulus between symptomatic group and asymptomatic group. The mean Young's modulus of asymptomatic group was higher than that of symptomatic group in different degrees of stenosis. This is an interesting finding, as it may give evidence that the underlying composition of a plaque (which determines its stiffness) is not inherently tied to the level of stenosis, and could explain why plaques with even moderate stenosis can rupture and cause ischemic events. 35 Therefore, quantification of plaque Young's modulus could not replace SR in determining the eligibility for clinical strategy, and the additional information provided by SWE imaging in the vascular examination may provide more information about the plaque and improve individual stroke risk stratification.
Fourth, compared with the traditional ultrasound exam, the SWE technique showed less dependency on sonographer experience. The Bland-Altman test was performed to assess the measurement of 61 representative plaques between two sonographers (experienced and less experienced with SWE examinations). As shown in Figure 6 , 3% (2 of 61) of the dots were out of the 95% confidence limits. Two plaques were both at the posterior wall of the internal carotid artery, which were not easily displayed in the B-mode ultrasound. In the region of 95% confidence limits, the maximum mean-Young's modulus ratio obtained by two operators for one plaque was 1.09, and the minimum ratio was 0.89, which implies that the mean Young's modulus obtained by the less experienced examiner was 89 to 109% times what the junior gained. The variation was acceptable for our daily clinical practice. Therefore, the SWE image can provide a stable and operatorindependent assessment of the characteristics of elasticity for the carotid plaques.
Further studies are required to prove our initial findings and to extend the study to the assessment of the different Young's modulus values against other noninvasive imagine techniques and pathological staining, [36] [37] [38] which could further confirm the clinical potential and value of the carotid plaque evaluation via SWE.
Limitations
A technical limitation of this study is that the Young's modulus is calculated from 3qc 2 . 6 However, this equation has many assumptions, such as homogenous and isotropic medium with semi-infinite size. Arteries and carotid plaques are anisotropic; therefore, the simple equation (which was developed for liver, an isotropic tissue) may not be suitable. Although the lesions with calcification in breast or thyroid are anisotropic, the researchers focused on the SWE technique 8, 39, 40 to evaluate the different lesions. Moreover, Young's modulus was used to appraise the stiffness of plaque and arterial wall. 5, [9] [10] [11] We will try to use the shear wave velocity instead of Young's modulus in a future study to avoid this inaccuracy.
The retrospective recognition of symptomatic plaques from the patients with unilateral focal neurological symptoms was a limitation of our investigation. For a patient with more than one plaque in the carotid artery, the neurological symptoms may come from any plaque. The TPRS calculation was performed just to identify the extracranial carotid artery plaque that is most capable of causing neurological symptoms. Another factor to consider is that most of the asymptomatic patients in our test did not undergo cerebral imaging; therefore, concealed stroke could not be excluded in the asymptomatic group cases.
In conclusion, the SWE system proved to be suitable for stable measurement of the Young's modulus of carotid plaques. The SWE technique is a noninvasive, vascular elastography technique that can provide information regarding carotid plaque vulnerability, and could be of clinical benefit to help identify symptomatic carotid plaques more comprehensively and to predict cardiovascular risk.
